Abstract: We report the fabrication and characterization of a mechanically flexible 4 Â 4 array of organic semiconductor lasers using blue-emitting tris(trifluorene)truxene oligomers as the gain medium. The device was fabricated entirely by soft lithography from the reproduction of a 1-D silica master grating. The grating array pattern was created directly on the master by a polymeric mask. Each element, or pixel, of the resulting laser array is made of a polymer mesa with embedded surface grating, and all the array elements are on the same mechanically flexible platform. Laser oscillation thresholds of individual photopumped laser pixels are as low as 75 nJ (70 J/cm 2 or 14 kW/cm 2 ). The emission wavelength uniformity of the array is within AE3 nm with individual laser pixels emitting from 432 to 438 nm. On mechanical flexing of the array, a 10-nm tuning of the emission wavelength is achieved and is attributed to a change in the grating periodicity.
Introduction
Organic semiconductors have been under intensive investigation for a range of applications, including realization of easy-to-fabricate (and thus potentially disposable) lasers. They exhibit high photoluminescence quantum yields and can be tailored to emit across the whole visible spectrum [1] ; furthermore, because these materials are Bsoft[, they offer considerable versatility in methods of processing. Taking advantage of these features, organic semiconductor lasers (OSLs) based on various cavity layouts have been demonstrated in a wide range of gain materials, and research emphasis is now focused on achieving low lasing thresholds and extended operational lifetime [2] - [5] . This is an important endeavor, because OSLs have already demonstrated applicability in various fields such as spectroscopy and, especially, gas and molecular sensing [6] - [10] . Indeed, the potential use of such lasers directly as sensors is one of their distinctive characteristics.
In general, a distributed feedback (DFB) grating cavity comprising a thin organic gain medium is the configuration of choice to realize an OSL [1] . The DFB grating is reproduced from a masterV usually silica ðSiO 2 ÞVinto the gain medium, or into a polymeric material that can form part of the guided wave structure of the device or even provide the substrate. In the latter caseVan Ball organic[ systemVmechanical flexibility is possible. Such bendable or stretchable formats of OSL are beginning to attract attention [5] , [11] , [12] because, among other reasons, they can conform to a variety of nonplanar surfaces for biomedical applications and enable new forms of wavelength-tuning. The vast majority of OSLs demonstrated to date are produced and characterized as single-element devices [3] , [8] - [10] , but the simple processing of arrayed OSLs for multielement sensing and spectroscopy offers great potential for the technology. Such arrays have therefore begun to be developed on mechanically rigid substrates, using for example specially made master gratings with different grating periods or using thin-film reflectors in combination with laser lithography [13] , [14] . What to our knowledge has not yet been demonstrated, however, is a combination of arrayed OSL formation and mechanical flexibility. Here, we introduce a straightforward approach to implementing such mechanically flexible OSL arrays and demonstrate the performance of the resulting devices.
Specifically, we present the fabrication process flow and the characterization of a flexible 4 Â 4 array of OSLs with the same grating period ðÃ ¼ 276 nmÞ under pulsed optical pumping at 355 nm. The array of OSLs is based on star-shaped -conjugated trifluorene oligomers on a truxene core (designated BT3[) emitting in the blue region of the spectrum [5] , [15] , [16] . The fabrication process is based on the masking of certain areas of a 1-D SiO 2 master grating with a patterned photoresist (PR) to create an array of grating-on-mesa structures upon reproduction with a suitable polymer. This technique does not require specially made silica master gratings and relies on well established PR masking techniques that produce features ranging from micrometer down to nanometer scale. An extra benefit of such an approach is that the cavity of the OSL can thus be physically defined to specific dimensions in a much more precise fashion than by changing the pump spot geometry. The gain medium was solution processed and the structure optically pumped giving individual OSL thresholds as low as 75 nJ (70 J/cm 2 or 14 kW/cm 2 ). The emission peak wavelength across the array varies within AE3 nm, from 432.3 nm to 437.7 nm. Mechanical wavelength tuning of the OSLs over 10 nm is also demonstrated by bending the substrate around a post with a radius of 6.35 mm.
Fabrication
The silica master grating was fabricated by e-beam lithography and dry etching with a designed period of 276 nm and a 50-nm modulation depth. This master grating was first cleaned in a bath of sulfuric acid and hydrogen peroxide (piranha solution, 80 ml:20 ml), followed by rinsing in deionized water and a drying step with a nitrogen gun and hotplate at 120 C for 10 min. To create the desired array pattern on the master grating, a 1.8-m thick layer of PR was spin-coated directly onto the grating and prebaked at 120 C for 1 min. A photolithography step was then completed to pattern the PR into the form of a grid. The master grating was thus modified to present Bhidden areas[ which are concealed from the replicating polymer. As a result, mesas will be formed due to the height of the PR [as shown schematically in Fig. 1(a) ]. The replicating polymer was a commercially available flexible epoxy (Norland NOA65, with refractive index n NOA ¼ 1:536 at 430 nm from the datasheet). As a supporting substrate for the replicating polymer, a commercially available acetate sheet (photocopying transparency) was used and put into contact with the NOA65 prior to UV curing [5]. The NOA65 was drop-coated onto the master grating modified with the PR mask; then, the acetate sheet was put into contact to cover the NOA65, and finally, the whole structure was subjected to UV irradiation through the acetate sheet for a total exposure dose of $ 300 mJ/cm 2 . The polymer/acetate system was then gently peeled off the silica master. A caliper was used to estimate the thicknesses of the device; the acetate was measured to be 120 m thick and the epoxy layer about 1 mm thick.
Following these steps, an array of mesas, each with the replicated grating structure on their surface, was created. Fig. 1(b) shows an optical image under white light illumination of such a reproduced grating array under bending.
Each mesa is a square of 500 Â 500 m 2 , and the center-to-center spacing of the mesas is 750 m (66% fill-factor). We found that several reproductions could be realized successively using the same PR-modified master and that the mask could easily be stripped off the silica grating by subsequent immersion in acetone, methanol and rinsing with deionized water. In addition, the number of pixels and the dimensions of the array are directly determined by the photoresist patterning technique and resolution. The epoxy NOA65 has a similar transmission characteristic to the acetate sheet and shows the start of a cutoff appearing at 400 nm (transmission from data sheet); further details on these characteristics have been reported elsewhere [5] . Fig. 2(a) shows the measured profile (stylus profilometer scan) of one mesa of the array, indicating a height of 1.8 m. The insets of Fig. 2(a) are the results atomic force microscope (AFM) scans of the grating on top of a representative mesa: a 3-D representation over a 2 Â 2 m 2 area and the corresponding profile. A period of 276 nm was thus measured with a grating depth of 40 nm, demonstrating the replication fidelity from the master grating.
The gain material chosen to demonstrate the operation of the arrays was the star-shaped oligofluorene truxene BT3[, diluted in toluene at a concentration of 20 mg/ml. This monodispersed organic semiconductor has a maximum of absorption in the ultraviolet and fluoresces in the blue with two dominant excitonic peaks around 410 nm and 435 nm [5] . The refractive index at 440 nm has been measured [15] to be n T3 ¼ 1:83. Solution processing was chosen here as it has been shown to yield low-threshold laser structures and because it is a simple method to control film thickness [16] . The gain material was directly spin coated onto the flexible DFB array into a film that is $100 nm thick. With this thickness of the gain material and the utilized grating period, the structure will only lase on the fundamental transverse mode ðTE 0 Þ. Thus it is truly single mode, without contribution from the TM 0 mode. Had the thickness value been increased by as little as 20 nm, the cavity would also have supported the TM 0 mode. The mesas were deliberately made to be high enough for the gain medium to form a noncontinuous film thereby eliminating any waveguiding between mesas. Given the grating periodicity and the gain medium emission wavelength, vertical outcoupling of the laser emission was obtained through the first order of diffraction, while the second order provided in-plane feedback (a so-called second-order DFB laser). The aspect of the T3 film on top of a representative OSL is inspected in Fig. 2(b) . AFM scans were realized over 3 Â 3 m 2 areas at different regions on the mesa: in the middle and at the very edge. The average scan profiles for each region are then given in Fig. 2(b) . In the center of the mesa, the T3 film root-mean-square roughness is calculated to be below 1nm (about 0.6 nm), and the profile shows a very smooth surface with no major defects over the scanned area (circles). However, in the region at the edge of the mesa, the T3 film profile shows a modulation of 276-nm periodicity and 1 nm in depth (squares). This modulation is from the grating meaning that the T3 film sees a reduction in its thickness toward the edge of the structure. The rise before the fall down is the actual edge effect of the mesa on the film. The insert in Fig. 2(b) is the topography measured by AFM in the region at the edge of the mesa showing the apparent grating modulation on top of the T3 film. This emphasizes the wetting property at the edges of the mesas as it happens naturally in film formation by spin coating.
Laser Characteristics
The organic DFB laser array was optically pumped with pulsed ultraviolet laser light at a 355-nm wavelength, 5-ns pulse duration, and a 10-Hz repetition rate. The pump source was a frequency tripled Q-switched Nd:YAG laser capable of delivering pump energies from 6 nJ to 3 mJ per pulse. To ensure that only one laser pixel at a time was excited, the pump beam was collimated to a beam size of 370 m full-width at half-maximum (FWHM) as verified by knife-edge measurements. The sample was placed at an angle of $ 45 with respect to the beam axis. The vertical emission from the sample surface was collected by a 50-m-core optical fiber, which was connected to a CCDspectrometer system with a spectral resolution of 0.5 nm. Control of the pump energy was achieved by rotating a =2-waveplate followed by a polarizer and an attenuator wheel, while monitoring the value with an energy meter. The OSL array was mounted on a two-axis stage and imaged onto an analog CCD camera in order to align the pump beam with a designated individual element of the array. The energy of the pump beam could then be ramped up in an incremental manner in order to achieve threshold of the laser element and characterize its output emission.
Typical laser power transfer characteristics measured on representative elements from the array are shown in Fig. 3(a) . Minimum threshold energy at 75 nJ (70 J/cm 2 or 14 kW/cm 2 ) is found for emission at 434 nm. Other OSLs of the array are shown to have a threshold crossing for slightly higher energies, about 85 nJ. Overall, the threshold energies of the devices do not exceed 100 nJ. The state of the art thresholds for OSL using this gain material were reported at 14.4 J/cm 2 on a polymer grating ðn polym ¼ 1:47Þ and 1 J/cm 2 on a silica grating ðn SiO 2 ¼ 1:45Þ [5] , [16] . We attribute the increase in threshold energy we observe in the arrayed device to the grating material refractive index which is higher than in these previous reports ðn NOA ¼ 1:536Þ. A polarization study of the light emitted by the lasers was also carried out and only TE polarized laser emission (i.e., the electric field parallel to the grating) was detected which is as expected for a device based on DFB laser working in its fundamental mode. The inset of Fig. 3(a) shows the polarization-resolved spectra along TE (straight line with squares) and TM (straight line) directions for a given laser pixel. The emission linewidth characteristics of the array were also analyzed. The FWHM were fitted with a Gaussian curve and were found to be limited by the spectrometer resolution (0.5 nm). The linewidth (FWHM) of a representative individual element of the array emitting at 434 nm was further characterized using a 0.13 nm-resolution spectrometer [see the inset of Fig. 3(a) ]. The Gaussian decomposition fit of the data gives a resolved FWHM linewidth of 0.32 nm [5] . Such a characteristic is a direct consequence of having effective light confinement in only two directions (slab waveguide geometry and 1-D grating) while the confinement in the remaining direction (along the grating stripes) is determined by the pump spot size (which is here $ 370 m in diameter). It is believed that a reduction in the excitation spot size and/or adding further spatial confinement to the cavity modes, for example by using a 2-D grating or a waveguide structure, will further decrease the OSL linewidth. It is noteworthy that the fabrication technique used to create these arrays would be an attractive means to study the effect of spatial confinement in OSLs.
The uniformity of the wavelength emission of the array was studied. For this, the optical pump beam was fixed at 2 J energy per pulse and spatially translated across the array such that all individual laser pixels were probed in sequence. The emission wavelength of each pixel was then determined from the data along with the spectral FWHM. The latter was obtained by fitting the spectra data with a Gaussian function. The two extreme emission wavelengths recorded for the array are 432.3 nm and 437.7 nm. However, the other 14 OSL pixels emit in the 434-nm to 437-nm wavelength region, i.e., in a range AE1.5 nm. Fig. 3(b) gives an emission map of the OSL array showing that all the elements of the array achieved laser emission. The small variation recorded in the emitted wavelengths indicates that the film thickness on top of each emitter varies (but only slightly) as the DFB laser emission wavelengths are defined by the grating period (constant in our case) and the film thickness. A 13.5-nm variation in thickness was estimated from these peak wavelengths using the analytical solutions of a simple slab waveguide for the TE 0 mode combined with the Bragg equation. This small thickness variation across the array is attributed to the limit of the deposition method used for the gain material. The sample being mechanically flexible, deformation during spin-coating might also accentuate the effect. The emitted wavelength of each element in the OSL array is fixed over 15 minutes under optical pumping (760 J/cm 2 ). It is also worth mentioning the air stability under optical pumping of this gain material, which can sustain 11.5-J/cm 2 degradation dose (value taken at a 500-J/cm 2 pump fluence) before seeing its emitted intensity dropping to 1/e of its initial value [5] .
Finally, the emission property of a laser pixel when the full array is bent was also recorded. Flexing the device is expected to change the cavity and, thus, the resonant modes and directly impact on the emitted wavelength (tuning) and possibly output beam characteristic from the device. Several directions of bending can also be explored: The curvature of the bending can be made parallel to the 1-D grating or perpendicular to it and can also be concave or convex. In an initial demonstration of these effects, an OSL array was attached to a metallic post of 6.35 mm radius in the parallel/convex configuration. Fig. 4(a) summarizes the bending configuration of the OSL array with an angle resolved emission measurement; the angular resolution is 0. 5 . Fig. 4(b) summarizes the angle-resolved emission spectrum of the bent device in comparison to the same device in a Bflat[ configuration. Each Bbar[ in Fig. 4(b) is a data point. The y -axis represents the wavelength in nanometers, as determined with a spectrometer-limited of 0.13 nm; the x -axis represents the emission angle with respect to the normal to the plane of the OSL and has a set-up limited angular resolution of 0. 5 . The Bflat[ device emits at 434 nm, with a 0.32-nm FWHM and a divergence at or below the 0.5 angular resolution. The bent device presents however an emission wavelength redshifted by about 10 nm (444 nm) in comparison with the Bflat[ configuration. The 0 direction sees the strongest emission albeit with an increase in the spectral FWHM (0.68 nm) and an increase in the angular divergence up to 1 . The direct consequence of bending of the device is tuning the emitted wavelength, believed to be due to an increase in the grating period. A 10-nm red-shift corresponds to an increase in the grating period of about 6 nm, as calculated using the Bragg wavelength grating equation and assuming that the gain material thickness does not vary.
Conclusion
We have presented the fabrication and characterization of a flexible 4x4 array of blue-emitting OSLs. The approach is generic, but in this demonstration the devices are based on monodispersed star-shaped oligofluorenes and show thresholds as low as 75 nJ (70 J/cm 2 or 14 kW/cm 2 ) at 434 nm. The wavelength emission uniformity across an array is of 5.4 nm around an average wavelength of 435 nm. Upon flexing, the emission wavelength of a single array element was demonstrated to be shifted by 10 nm as a result of a corresponding increase in the diffractive grating periodicity. These arrays of highly reproducible and mechanically flexible OSLs represent a significant step in the development of this technology toward a wide range of sensing applications.
